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Abstract

This study aims to develop improved models for predicting high-temperature oxi-
dation through pores and cracks in oxidation protective coating layers. The oxidation
protective layers are generally used to improve the ablation resistance of carbon-
based materials vulnerable to oxidation in hypersonic flow environments. However,
carbon substrates can be oxidized by oxygen penetrating through splits within the
cracked coating or pores within the oxidized layer. The developed models aim to iden-
tify the oxidation resistance performance of oxidation-resistant coatings that protect
carbon/carbon. The target coating materials are silicon carbide (SiC), hafnium car-
bide (HfC), and zirconium carbide (ZrC), and the temperature range of the model is
from 1,000 °C or more to below the melting point of these materials. The model for
cracks predicts the amount of carbon/carbon substrates oxidized by oxygen attack
through coating cracks with the width of micrometer units and slots with width in
millimeters. The model for pores predicts the oxide growth rate of oxidation-resistant
coating caused by the oxidizer diffused into the carbide through the pores in the ox-
ide.

The model for estimating the oxidation rate through cracks is developed based on
the complete multi-component gaseous diffusion equation and considers the cavity
growing in carbon substrates. The results obtained using the derived model are vali-
dated for both coatings with narrow cracks and wide slots with experimental results
from the previously published paper. The weight loss by oxidation of C/C underlying
SiC coating was measured in the temperature range of 1,000 °C to 1,300 °C, which
is copying the thermal environment on the surface of re-entering Space Shuttle. The
model results show good agreement with the test data while existing models predict
the weight loss of the carbon composite as approximately half of or less than the mea-

surements. Furthermore, the impact of each assumption used in the development of



the model is examined. Finally, oxidation characteristics according to the geometry
of the crack and cavity and atmospheric conditions are investigated.

The model predicting the carbide coatings’ oxide growth rate is developed based
on the simplified version of the multi-component gaseous diffusion equation using the
effective diffusion coefficient. The effective diffusion coefficient includes the Knud-
sen diffusion and the molecular diffusion, which reflect the influence of porous me-
dia. The results from the derived model are also validated with experimental results
from the previously published paper. The oxide growth rates from the model show
good agreement with the test data from 1,200 °C to 2,000 °C in air. Also, the model
calculation agrees with the measurements from 1,200 °C to 1,600 °C in oxygen par-
tial pressure of 0.02 atm and 1 atm. The effect of adjustable parameters of the model,

such as porosity, pore radius, and tortuosity, on the calculation was researched.

Keywords: oxidation protective layer, metal carbide coating, coating crack,
porous oxide layer, oxide growth, diffusion-controlled oxidation
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Chapter 1

Introduction

1.1 Oxidation protective coating

Thermal protection system and materials

Hypersonic vehicles flying, such as space shuttles re-entering the Earth, re-entry cap-
sules, or high-speed guided missiles, are subjected to extreme aerodynamic heating
during flight. Due to aerodynamic heating, a high-temperature flow environment of
thousands of K or more acts on the surface of the hypersonic vehicle. For example, it
is known that the surface temperature of the space shuttle orbiter locally rises to 1,600
K during re-entry to Earth [1]. Because shock waves generated during the flight of
an aircraft in the hypersonic region lead to energy loss and an increase in resistance,
hypersonic weapons have a sharp shape to tackle this problem [2]. The sharper the
shape, the larger the aerodynamic heating, and the temperature of a scramjet cruising
at Mach 10 reaches 1,000-2,500 K at the nose tip and the leading edge of the wings
[3]. In the case of the X-43a, it is known that the leading edge temperature reaches

1,900 K when flying at Mach 7 and 2,500 K when flying at Mach 10 [4]. There-



fore thermal protection system (TPS) is essential to protect the aircraft from such a
high-temperature flow.

There are various thermal protection materials (TPM) for passive TPS, as shown
in Fig. 1.1. TPM can be classified into metal-based, carbon-based, silicon-based, and
the like. And depending on the material, it shows various types of high-temperature
reactions. High-temperature reactions include mechanical ablation, such as shear ero-

sion or spallation; chemical erosion, such as oxidation; phase change, such as melt-
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ing or sublimation; and pyrolysis of phenolic materials. Meanwhile, reusable ma-
terials, not ablative materials, must be used to reuse the spacecraft multiple times.
Non-ablative materials are also appropriate for hypersonic weapons because ablation
deforms the sharp leading edge, and the shape change of the control surface can de-
crease the maneuverability of the system. One of the most effective combinations of
non-ablative TPM, which can bear up to 2,500K, is carbon/carbon (C/C) insulators

coated with refractory oxidation-resistant ceramic coatings.

Oxidation-resistant coatings on carbon substrates

C/C composites have been commonly used for the thermal protection of re-entering
vehicles. C/C composites are selected because of their suitable mechanical properties
for high-temperature applications such as high thermal shock resistance, low thermal
expansion, and lightweight. However, one critical disadvantage of C/C composites
is their vulnerability to oxidation. C/C composites oxidize and can be consequen-
tially ablated due to the oxidizing atmosphere at relatively low temperatures when
compared with other thermal-protection materials. When carbon is ablated, a reces-
sion occurs, and the shape of the surface changes. When the carbon-based composite
is coated adequately with an oxidation protective layer, oxidizing molecules can-
not penetrate the coating, and their contact with the carbon-based composites is pre-
vented. These oxidation-resistant layers are called coating layers because they are
usually coated on the base material.

Silicon carbide (SiC) and Ultra-high-temperature ceramics (UHTCs) are refrac-
tory materials for oxidation protective coating. SiC, which has a history of being used
on the nose cap and wing-leading edge of space shuttles [5, 6], is one of the most pop-

ular materials for the protective layer. Silica (SiO,) forms on the surface during flight



and melts slightly under 2,000 K. So bulk SiC coating is suitable for hypersonic vehi-
cles whose maximum surface temperature is estimated to be approximately 1,900 K.
UHTCs developed for hypersonic applications include carbides, borides, and nitrides
of Group 4-5 elements in the periodic table, such as hafnium carbide (HfC), zir-
conium carbide (ZrC), and tantalum carbide (TaC), hafnium diboride (HfB,), and
zirconium diboride (ZrB,) [7]. The operating temperatures of UHTCs can be 1000
degrees higher than SiC based on the melting point listed in Table 1.1. Further, they
have high hardness, high melting point, low vapor pressure, and excellent chemical
resistance. HfC coating is known to be used on the leading edge of X-43a, and ZrB,
based ceramic materials are widely investigated as potential TPMs for hypersonic
space vehicle at the National Aeronautics and Space Administration (NASA) [8, 9].
Furthermore, HfC and diborides of group 4b elements (HfB,, ZrB;) are chosen as
TPM for the European project, aero-thermodynamic loads on lightweight advanced

structures (ATLLAS) program, at ONERA [10]. The oxidation-resistant coating con-

Table 1.1: Melting temperature of materials for oxidation protective layer.

Melting temperature
Material
Oxide (O,) | Carbide (C) | Boride (Bj)
Silicon 1,713 °C 2,830 °C
(Si) (1,986 K) (3,100 K)
Zirconium | 2,715 °C 3,532°C ~ 3,246 °C
(Zr) (2,988 K) (3,805K) | (~3,520K)
Hafnium 2,758 °C 3,900 °C 3,250 °C
(HH (3,031 K) (4,170 K) (3,520 K)




sisting of those refractory materials prevents oxygen penetration into the base ma-
terial by the following principle. In the case of a protective layer, it can react with
oxygen to form an oxide layer and maintain its shape, as shown in Fig 1.3, in contrast
to carbon material which is ablated when it reacts with oxygen, resulting in recession
and shape change. The oxide layer created at this time becomes another oxidation-

resistant layer and protects the substrate and the existing protective layer.

temperalure
w1500 .
1400
1300 3
1200
= 00
Vehicie size = 12 feet by § feet

Nose leading edge Tmax
- Mach 7, < 3000°F

e coating o

©-C side chine

€€ nose leading edge

(a) X-43A: reprinted from [4]. (b) ATLLAS program: reprinted from [10].

(c) Space shuttle orbiter: reprinted from [5]. (d) Falcon hypersonic space vehicle:

reprinted from [7].

Figure 1.2: Hypersonic applications of UHTC coatings.
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Carbon composites Coating layer Oxide layer

Figure 1.3: Illustration of growing oxide layer.

Anti-oxidation failure

There are three mechanisms of anti-oxidation failure of the coating: melting of the
protective layer, oxidation through the through-thickness crack, and oxidation through
the oxide layer. When the surface temperature reaches the material’s melting point,
the coating melts, and the molten layer is swept away by the flow. As a result, the
base material is exposed to flow, and the coating layer does not function properly.
In the temperature below the melting points, the pores and cracks shown in Fig. 1.4
can be a path of oxygen attack into substrates. When defects, such as cracks, in the
layer, the carbon substrate can be oxidized because the gaps act as pathways for the
penetration of oxygen molecules into the carbon—SiC interface [11]. In this case, the
carbon under the crack is oxidized, and a cavity is created at the same time, and when
this cavity grows, it affects the mechanical properties of the base material or the adhe-
sion with the coating. Finally, suppose all the oxidation-resistant layers are oxidized
since oxygen can permeate into the oxide layer, and the thickness of the oxide layer
increases as the time exposed to the high-temperature flow increases. In that case,
oxygen can permeate to the underlying material, and ablation may occur, then the
coating layer may fall due to weak bonding at the interface [11].

The coating turns into an oxide layer by two representative mechanisms: ther-
mal (static) oxidation and dynamic oxidation. Thermal oxidation is mainly utilized to

make a SiO; layer in the semiconductor manufacturing process. Oxygen molecules



Figure 1.4: Cracks and pores in protective layer.

are absorbed on the surface of SiO; and propagated by atomic diffusion inside the
solid. Various Deal-Grove models [12, 13] are fitted to experimental data and uti-
lized to predict the thermal oxidation rate. A cristobalite oxide layer is created with a
thickness growth rate of nanometers per hour during thermal oxidation, and that nom-
inal growth rate can be neglected for hypersonic applications. Dynamic oxidation is
observed in a high-temperature flow environment such as a plasma wind tunnel or
hypersonic flight condition. It shows a much higher oxidation rate than thermal oxi-
dation because it is caused by gaseous molecular diffusion, which is much faster than
atomic diffusion. When carbide coatings such as SiC, HfC, and ZrC turn into an oxide
layer, amorphous oxide layers with pores are created, and the pores become the path
of molecular diffusion inside the porous media [14]. Then the thickness of the oxide
layer gradually increases due to oxygen penetrating through the pores. When boride
coatings such as HfB, and ZrB, turn into an oxide layer, different thermal phenom-

ena occur depending on the surface temperature [15, 16]. An amorphous oxide layer



is formed, as in the case of carbide coating, and gaseous boron trioxide (B,03) is cre-
ated as the product at temperatures over 1,800C. However, liquid phase B,O3 filling
the pores and evaporated gas phase B,O3 coexist at temperatures between 1,000 °C
and 1,800 °C. Gaseous diffusion in the porous oxide layer and oxygen permeation

through liquid B,O3 can be the oxidation path.

1.2 Researches on oxidation through cracks and oxides

Experimental researches on oxidation through crack

Through-thickness cracks can be formed owing to thermal expansion mismatch be-
tween the coating layer and carbon composites, damage to the material during op-
eration [17], or contamination on the surface [18]. Therefore, various studies have
been conducted to suppress crack formation: SiC coatings with various fibers such as
C/SiC [19, 20], conversion coatings with crack healing effects [21, 22], mechanisms
of damage to SiC [17, 23, 24]. Nevertheless, the problem of cracking in the coating
layer still exists, especially when the coating is thick or the layer is coated on a big or
curved part. The coating layers adapted to the surface of the hypersonic vehicles are
much thicker than other general coatings on the surface of other applications. Usu-
ally, even if it exceeds 100 microns, it belongs to a very thick coating, but in the case
of the space shuttle, for instance, the thickness of the coating layer ranges from 0.5
to 1.5 mm [25, 17, 26], which is more like a ‘layer’ than a ‘coating.” The thicker the
coating, the higher the possibility of the occurrence of cracks or detachment of the
coating layer, so prediction of oxidation through cracks becomes essential.

Studies on oxidation attacks through coating cracks, slots, and pinholes have been

conducted to understand the mechanism of attacks and predict the degree of oxida-



tion under the assumption of the existence of coating cracks. Various descriptions for
coating cracks were characterized and measured by [27]. Parameters to account for
material information, such as coating thickness and crack width, which is described
in Fig. 1.5a, have been proposed and used in subsequent studies. Jacobson et al. in-
vestigated carbon consumption due to the oxidation attack through coating pinholes
[11] and artificial slots with comparatively wide crack widths and naturally formed
craze cracks with narrow widths [28, 29]. They reported that voids (or cavities) were
formed under openings, and their formation varied with respect to the furnace tem-

perature. C/C composites consist of two types of carbon: carbon fibers and carbon

- crack/slot length

e crack/slot depth/thickness

- crack/slot width

(a) Diagram showing crack length, thickness, and width.

U ------------ Void due to oxidation

J----e-- Oxidation attack surface

(b) Tlustration of void formation by oxidation attack

through SiC coating crack.

Figure 1.5: Illustration of crack and void.



matrix. At low temperatures, only the matrix material was oxidized; therefore, no
void was observed under the coating. However, there was weight loss at 600 °C. At a
higher temperature range of approximately 1,000—1,400 °C, the voids under pinholes
and slots were formed in the shape of a hemisphere and semi-cylinder, respectively,
as shown in Fig. 1.6. The surface of the carbon substrate was uniformly oxidized,
and no preferential oxidation of the carbon matrix was observed at this regime (see
also [30]). Moreover, the oxidation rate at this temperature range was controlled by
diffusion through the trough. At a significantly higher temperature of approximately

1,600 °C, the coating system was also attacked.

(a) Cavity formed under artificial crack. (b) Cavity formed under natural crack.

Figure 1.6: Cavity formed under cracks: reprinted from [29].
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Experimental researches on oxidation through oxide layer

Studies on oxidation attacks through micropores inside the oxidized oxidation protec-
tive coating layer have been conducted to understand the mechanism of attacks and
predict the degree of oxidation. Wang performed oxyacetylene torch ablation experi-
ments on coated coatings with HfC [31]. Initially, HfC was oxidized to form a porous
HfO, layer on the surface. After the oxide layer is formed, oxygen penetrating the
HfO; layer reacts with the HfC layer to form a HfC, Oy layer between the HfO, layer
and the HfC layer. And when the oxide layer is heated above the melting point of
HfO,, the HfO, layer on the surface melts. The HfC,Oy layer, the HfO; oxide layer
and the molten layer inhibit oxygen diffusion, thereby delaying the ablation of the
HfC layer. In this study, an experiment was performed to heat the specimen for about
60 seconds with an oxyacetylene torch supplying 0.4 MPa oxygen at 0.42 L/s. As a
result, an oxide layer with a thickness of about 60 to 80 um was produced. Wang
produced coatings in three different ways according to the deposition parameters and
then tested each coating’s oxidation resistance performance [32]. As a result, it was
confirmed that depending on the method of coating the composite material with the
oxidation-resistant layer, a difference in the oxidation resistance performance of the
coating could be more than three times.

Holcomb measured the rate of formation of an oxide layer in the range of 1200-
1530 for HfC under oxygen partial pressures of 0.02, 0.21, and 1 atm when the total
atmospheric pressure was one [33]. As a result, as the oxide layer becomes thicker,
the oxidation rate slows down and tends to increase parabolically. And the parabolic
weight gain rate was measured in the range of 10~7 to 107°% ¢2/(cm?* — 5) de-

pending on the oxygen partial pressure. The porosity of the formed oxide layer was

§
1 A =1



about 0.02, the radius of the developed pores was about 0.01 microns around the
boundary between carbide and oxide, and the average value of the entire oxide layer
was much larger, but not explicitly mentioned. Unlike Wang’s study, there was no
significant HfFCxOy layer between the carbide and oxide layers. HfCxOy can be ig-
nored when micrometer—size pore allows greater oxidation in inter-layer [34]. Yoo
[35] studied the oxidation resistance of HfCs coated with 110 micrometers using the
vacuum plasma spray coating method. As a result of heating for 60 seconds with a
torch, the surface temperature was increased to 2000 C for 20 seconds and then main-
tained constant for 40 seconds. An oxide layer of about 36 micrometers was formed

during the experiment.

Researches on oxidation model

In general, improved models based on the Deal-Grove (DG) model are widely used
to predict the oxidation of oxidation-resistant coatings [12, 13]. DG model shows
good agreement with test data in the range of temperature (700°-1300°C), partial
pressure (0.1-1.0 atm), and oxide thickness (300-20000 A). However, these are based
on thermal-oxidation kinetic, not the kinetics of molecular diffusion, so the model
is mainly used to predict and thermal oxidation of silicon in semiconductor device
fabrication. In addition, since the growth rate of the oxide layer produced by thermal
oxidation is extremely low, it can be ignored when predicting the formation of the
oxide layer in the flight environment. For example, the diffusion rate is about 10,000
times greater during dynamic oxidation than during static oxidation. Therefore, to
analyze oxygen permeation through a thick oxide layer with pores, it is recommended
to use a model that considers physics such as diffusion through liquid B>,O3 and

molecular diffusion through pores in the porous oxide layer.

1 ™
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Various studies to predict oxide growth rates by oxidation through pores in the
oxide layer have also been conducted. Bernstein et al. [36] derived the kinetics of the
diffusion-limited oxidation-undercut process of a sacrificial layer of carbon based on

the following five assumptions:
1. All gases are perfect ideal gases.

2. Binary gaseous diffusion coefficients are independent of mole fractions inside

a channel.

3. Oxidation rate is controlled by the diffusion of gases penetrating the trough,

and the kinetics can be studied using steady-state gas concentration profiles.

4. Oxygen and carbon monoxide do not coexist in the temperature range of inter-
est, dividing the path into two distinct regions: inner zone with CO and CO»

gases and outer zone with Oy and CO4 gases (see Fig. 2.1).
5. Oxidation of the carbon is faster than the process of diffusion.

These kinetics were applied to the counter-current gaseous diffusion model to de-
scribe the oxidation of porous conversion coating such as HfC turning into HfO be-
tween 1,200 °C and 1,530 °C [37, 38]. Later, Jacobson et al. (1999) [11] applied the
model to describe the oxidation of C/C composites through pinholes in SiC coatings.
Jacobson et al. (2008) [29] also proposed a more detailed model for the oxidation
of substrates through slots and craze cracks on the coating. The cavity growing at
the C/C composites below the coating crack opening (Fig. 1.5b) was included in the
diffusion path when deriving the oxidation model. The void was assumed to be cylin-
drical. Subsequently, the developed model was used in additional studies [39, 40].

In the studies mentioned above, reactions at the surface of graphite and a position

1 ™
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termed the “flame front [38]”, where oxygen and carbon monoxide react, were con-
sidered (see Fig. 2.1) and flux equations were derived for both inner and outer re-
gions. Subsequently, solutions of the equations led to the carbon consumption rate.
The significant differences between these models are the selection of the composition
of gaseous species, geometry of the diffusion paths, consideration of the Knudsen dif-
fusion, and the coordinate systems. Comparisons of the predicted oxidation rate or
carbon consumption rate from the model to experimental results usually indicate the
model’s effectiveness. Models to predict oxide growth by oxidation through liquid

B, 03 are also developed by Parthasarathy, et al. [15, 16, 41, 42].

1.3 Motivation

Fig. 1.7 is a flowchart for thermal analysis of UHTC-coated C/C. Suppose the oxi-
dation protective coating is detached or the surface temperature reaches the melting
temperature. In that case, a recession occurs, and various models exist for predict-
ing the recession rate by these phenomena. However, these models are suitable for
analyzing ablative TPS and not applicable to non-ablative TPS. Therefore, a model
capable of predicting the oxidation-preventing performance of the oxidation layer is
needed to design TPS for maneuverable and controllable hypersonic vehicles effi-
ciently. Also, it is necessary to predict how the cracks and pores in the coating will
allow oxygen penetration to predict the oxidation-preventing performance. However,
previously published models that simulate oxidation by oxygen penetration through
cracks and oxide layer formation by oxygen penetration through pores show signif-
icant errors when compared with the test. Therefore, a new model that can predict

similar values to the experiment is needed.
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Figure 1.7: Flowchart for thermal analysis of UHTC coated C/C.



In the case of oxidation through craze cracks and slots, the calculation predicted a
carbon weight loss rate significantly lower than the measured rate [29]. The measured
weight loss rates were 2—4 times larger than those obtained through model calcula-
tions. First, molar flux and mass flux were misused in the development process. The
model was developed from a binary diffusion equation, so it does not reflect flow
obstruction by nitrogen. In addition, the position of the flame front was fixed at the
initial situation, so the path length of the inner and outer zones was mispredicted.
Zhou et al. [40] attempted to make a model whose calculation matched the experi-
mental results but still needed to revise the model based on physics. Some factors,
which do not reflect physical phenomena, were added to the previous model. The
modeling procedure is thoroughly examined in the present study, and a more detailed
and physically suitable oxidation model through coating slots or cracks is presented.
The counter-current gaseous diffusion model is newly developed with four significant

improvements:
1. Model is developed from Maxwell-Stefan (MS) diffusion equations;
2. Flame front position is released and moves inward as the void grows;

3. Flame front can be located inside the cavity because the cavity can be deeper

than the thickness of the coating;

4. Impact of diffusion through the gap between the wide slot and cavity is con-

sidered.

Then the parametric study on the geometry of the crack and the atmospheric condi-
tions is conducted.

The model for oxidation through pores inside the oxide coating layer is also im-
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proved. The model from Holcomb [33, 38] is compared with the experimental result.

The primary input for the model was the radius. The pore radius in the oxide layer

-5
107 F Porosity 0.02
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Figure 1.9: Comparision between Holcomb’s model and test data.

near the carbide-oxide interface was 0.01 microns, and the average pore radius from
hafnium oxide was much larger than 0.01 microns. However, the model calculation
using the value of 0.01 microns for the pore radius fits the result with the experimen-
tal data. Through this result, the authors suggested that oxygen diffusion through the
pores is mainly affected by the pores located on the carbide interface. However, since

the model uses the average pore radius for the entire depth of the oxide layer, the
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diffusion through pores model should agree with the experiment when the average
size of pores inside the oxide layer is input to reflect the diffusion inside the oxide
layer well physically. Thus the model over-predicts the oxygen diffusion through the
oxide layer. In contrast to the model for the oxidation through the crack, model de-
velopment from the entire MS equation was impossible because the porous media
effect should be included. Then the equations during the model development process
seem right, but the effective diffusion coefficient was revised in this study. Then the
survey of the influence of parameters such as pore radius, porosity, and tortuosity is
investigated. Further, in the case of metal carbides, it can be used even at a high tem-
perature of 2000K or higher where dissociated oxygen atoms, not oxygen molecules,
may exist on the surface. The degree of diffusion increase when dissociated atoms

are introduced was also studied.
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Chapter 2

Modeling for Oxidation Through Cracks

2.1 Counter-current gaseous diffusion model

Many studies on the application of the counter-current gaseous diffusion model have
been performed to describe the oxidation damage to substrates under the protective
layer [43, 11, 29, 44, 45, 39, 40, 46]. The schematic diagram of the counter-current
diffusion process in the crack or slot considered in the present study is illustrated in
Fig. 2.1. The counter-current diffusion model consists of two zones because of the
incompatibility between Oy and C'O gases. In the zone near the substrate, gaseous
species C'O, COs, and N, exist. C O, diffused inward to the carbon substrate, and the
carbon substrate is oxidized. Subsequently, the reaction releases C'O, which moves

outward. The reaction at the oxidation attack surface is Eq. (2.1).
C(s) + CO2(g) = 2C0(g) (2.1)

The carbon fiber structure can be neglected when predicting oxidation at the surface
of the carbon substrate at a high temperature over 1,000°C, so uniform oxidation of

carbon substrate is assumed. Gaseous species in the outer region near the surface are

2
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Figure 2.1: Diagram of diffusion process in crack/slot and cavity.

O, CO4, and N». Between the substrate-side region and the surface-side region, Os

and C'O react to form C'O-, and that position is termed the “flame front.”
Os(g) +2C0(g) = 2C0s(g) (2.2)
Then the overall reaction is
O2(g) + C(s) = CO(g). (2.3)

Let region I denote the outer zone near the surface, region II be the inner zone
near the oxidation surface, and JéQ be the molar flux (in moles/unit area-time) of Oo

in region I. Then JéOQ and JéQ have the same magnitude but opposite directions.

1 ™
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Note that J is presented in a fixed coordinate system. In region II, Jé‘o is double of
JéOQ, and they are in opposite directions. The molar fluxes of C'Os in regions I and
II have the same magnitude but opposite directions. The reaction Eq. (2.1) and the
mass balance between C'O and O at the flame front are used to obtain the relation

between molar fluxes in both regions:
JEo/2=—J0tb, = Jto, = —Jb, = a. (2.4)

The molar flux of Vs is zero along the path of diffusion. In Eq. (2.4), a is equal to the
rate of carbon oxidized (in moles/unit area-time). The product of the species molar

flux J and area A (in moles/time) is constant along the path as presented in Eq. (2.5).

= 0 (in the crack or slot) or

= 0 (in the cavity) (2.5)

where z denotes the distance from the carbon-coating interface to the coating surface
inside the coating crack or slot and r is the distance from the interface to the void
surface inside the cavity, as depicted in Fig. 2.2 and 2.3.

From the definition of the mole fraction, the sum of mole fractions of each species

equals 1.

Z ;=1 (2.6)

Here z; denotes the molar fraction of species i. The boundary conditions for each

region are presented along with the development of equations.
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Diffusion equations

The simplified Maxwell-Stefan (MS) equation [47] has been used for many calcula-
tions of diffusion in gaseous mixtures. The molar flux of gas species ¢, J;, is defined
for a fixed coordinate system as Eq. (2.7), where the first and second terms on the
right-hand side are the diffusive and the convective terms, respectively. However,
in this study, to better understand the mechanism inside the crack and void and to
develop a more realistic model, equations were derived using the original MS equa-
tion. The simplified equation ignores the gradient of Ny and can only consider the
binary diffusion between CO2 and O3 in the outer region and the binary diffusion
between C'O and CO> in the inner area. But the complete equation considers the
multi-component effect (ternary diffusion for this model), including Ns. The original

form of the MS equation used in this study is given as Eq. (2.8) [48].

8@-
J; = —cDi n, (az> + 2 ZJ: Jj (2.7)
N
Vz; = — ; Dy (zjJ; — 2iJ;) (2.8)

In these equations, c is the total sum of gaseous concentration and D; ; is the gas
phase inter-diffusion coefficients between species ¢ and j are calculated using the

Chapman-Enskog theory [49]:

T3/2 ( 1 1 1/2
D; ;i =1.8583x10 % —— [ — + ) (2.9)
“ PoZQ; \M; ~ M;

where D; j is in em?/s, M; is the molecular weight of species i in g/mol, T is
the absolute temperature in K, and P is the pressure in atm. Parameter (2;; is the
collision integral for diffusion, a dimensionless quantity tabulated as a function of

dimensionless temperature k7'/€;;. Parameter o is the collision diameter and e is
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the maximum energy attraction; these are interaction parameters appearing in the

Lennard—Jones 612 potential between one molecule of ¢ and one of j. Parameter

oi; is the arithmetic mean of pure components o;; = (0; + ;) /2, and ¢;; is the
geometric mean of components €;; = ,/€;€;. Parameters o, € and the value of (2

according to the value of £7'/e used in this study are shown in Table. A.1 and A.3.

Parameter £ is Boltzmann’s constant.
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2.2 Model with flame front located inside the crack

First, this section shows the model development for the case when the flame front is
inside the crack. The coordinate system for this section is depicted in Fig. 2.2). The
region between r = 0 and r = r; is ignored. The path is divided into three regions.
Region I is the outer region, and regions II and III are inner regions inside the crack
and the void, respectively. In region I, Eq. (2.10) can be obtained by introducing

Jn, = 0 into Eq. (2.8).

dry, 1 ( 1 1 > ,
= - — TN, J, (2.10)
0z ¢ \Dn,o, Dn,co, N2+02

Because the molar flux is constant, Eq. (2.11) is given by Eq. (2.10).

dJo, B ) CD?\IZ@:L‘NQ

0z 0z | an, Oz

=0 (2.11)

Dﬁ\g is defined as D?\g = (1/Dn,0, — 1/Dn,co,)”*. With proper boundary condi-

tions, x n,=T N, 1, at z = L and TNy=TNy,z; AL Z = Zf, TN, is obtained as Eq. (2.12).

TNy = TNy, L <3:N22f> o (2.12)
TNy, L
: - --z=1
StC I
- ——_—_——— = - - - :Zf
- Z:T:O
- T =1
-------- - rT=n
c/c

Figure 2.2: Coordinate description: flame front inside the crack.
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When Egs. (2.11-2.12), the relations TNyzp + 2C0s,2, = 1 and xn, 0 + o, = 1

are combined, and Jp, becomes Eq. (2.13).

gl — eDSf ) 2.13
Oy — CUN, 11 1_1'027L Zf—L ( )

Similarly, the relation for O is given as Eq. (2.14).

oo, 1 < TN, 1—:nN2>
== + Jo (2.14)
0z ¢ \ Do,n, Do,co, 2

By combining Egs. (2.10,2.12,and 2.14) , Jo, can be eliminated and dz¢, /0% is

obtained as Eq. (2.15).

= L—=z z L—=z
NQ,Zf L—zf o N2,Zf L—=z
mN27L (xNQ,L ) + 1 xNQyL <1'N2,L
0x0o, _ Do,N, Do,co, In (xN%Zf/xNQ:Zf)
0z 1 1 zp = L

Dn,0, Dnyco,
(2.15)

Integrating Eq. (2.15) with respect to z and introducing relations xo, 1, + TN, 1 = 1,
TCOy,2p + TNpyzp = 1 gives the relation between TCOy,zy and xo, 1, (Eq. (2.16)).

1 —2co,,z

l - - J—
(200.L — CO0,.2;) = TO,.L (T0s1 Jrcog,zf)

20y 1 = —— D020 20100, @.16)

1 1

Dn,0, Dnyco,

Next, c0,,z, can be calculated by solving this equation (Table 2.1, zco, . ; from
ternary relation).

In Region II the gradient of x¢, is expressed as Eq. (2.17).

0rco, 1

(xNz JCOz) - (‘T;C'O + 2-TCOQ) J002 (217)

0z CDC()2 No CDCOQ CcO
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Table 2.1: zco,,- y values from the binary and ternary assumption (xp, = 0.21, P =

latm).
Temperature LCO,,2 LCOy,2 difference
°O) (binary relation) (ternary relation) (%)
1000 0.2706 0.2537 6.7
1100 2.2707 0.2538 6.7
1200 0.2714 0.2543 6.7
1300 0.2722 0.2548 6.8

As the maximum difference between two diffusion coefficients was less than 1% in
the temperature range of this study, the effective coefficient can be used as follow:

D‘ECH:O2 ~ Dco,n, = Dco,co [50]. Subsequently, the equation becomes Eq. (2.18).

0xco, _ 1

- (1 JI 2.18
0z cD%ﬂ;ﬁ( + 200:) Jeo, @19

The relation between z and xco, can be induced by combining proper boundary

conditions, xco, = Tco0,,0 at z = 0 and zco, = LCOy,2p AL Z = 2, with Eq. (2.19).

aith, o [ Do, drco,
0z 0z 1+2c0, 0z

=0 (2.19)

Next, J(IJIO2 is obtained as Eq. (2.20) by substituting the result into Eq. (2.18).

1+ l'COg,zf 1
JEL - — _epeff _— | — 2.20
COs clco, 0 | 5 T (2.20)

Recalling relation JéIOQ = J(I)Q, Egs. (2.13) and (2.20) can be merged into one rela-

T [, |
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tion between zy and ¢, 0 as Eq. (2.21).

of 1+xco27zf 1 of 1 —.rCOQ’Zf 1
—cDgop,In | —— | —=cDy, In (2.21)
2 1+2c0o,0 | 2¢ 2 1—20,1 | 27— L

Let III denote the region inside the cavity. The radial gradient of x¢o, in region
IIT is expressed using the same equation as Eq. (2.18) for region II, representing r
and III instead of z and II, respectively. The radial gradient of the steady state molar

flux entering the area of cylindrical geometry is given by Eq. (2.22).

o(rJts) 9 o r Ozco,

= D
or or ¢ 0021+x002 or

=0 (2.22)

The relation between r and xco, can also be derived from Eq. (2.22) using the fol-
lowing boundary conditions: xco, = Tc0O,, = TC0,,0 at r = 71 (note that the
region between r = 0 and r = 7y is ignored in this section) and zco, = Tc0,,r, *
0 at 7 = 7ro. Note that the equilibrium constant of the wall reaction (Eq. (2.1)),
Pgo /Pco,, is approximately 190-3,400 in the temperature range of 1,000-1,400 °C
[51]. Therefore, it is reasonable to assume that C'Os molecules hitting the wall re-
act fully and zco,r, can be approximated to zero. Substituting the relation into

Eq. (2.18), the molar flux of C'O5 in region III can be derived using Eq. (2.23).

In (1 + xco, 7«1)
111 ﬁ :
Jco, = cD¢o,

rln (7‘2/7‘1) (2'23)

There is a semi-circular section between positions z = 0 and = 71 this region is
neglected in this process, but will be discussed later in sec. 2.3. Now the quantities at
z = ( are assumed to be equal to those at » = 1. At this position, Eq. (2.24) is given
as

JE6, Ary = — I, Ao (2.24)
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Here A,, = 7nril and Ay = wl, where w and [ are width and length of the crack,
respectively . The sign of the right-hand side is reversed because the Cartesian and
cylindrical coordinates are in opposite directions. By substituting Eqs. (2.20) and

(2.23)into Eq. (2.24), zc0,,0 can be expressed as a function of 72 and z ¢ (Eq. (2.25)).

In (rz/r1) In (1 + xco%zf)
In(ro/r1) + (w25 /w)

In (1 + .%'002’0) = (2.25)

Tc0,,0 can be eliminated by inserting Eq. (2.25) into Eq. (2.21). Next, z is obtained

as a function of ry.

nzp  —In(re/r) +apf
—= (2.26a)
w 1+«
D%% In (1 + ZC0,,2 ) L
o= — g (2.26b)
DS w
2 1-— xCOQ,Zf
In] ——
1-— TOy,L

Subsequently, JgOI2 is obtained by inserting Eqgs. (2.25) and (2.26a) into Eq. (2.23).

eff
i cDCO2 In (1 + xcomzf) 14+« 227)
CO2 r o (re/r) + O] o

Assuming that most of C'Oy particles react with the carbon wall, weight the loss

rate of carbon can be given by Eq. (2.28)

dWe
— = McJES, A, (2.28)
dt |,—,.,
where W denotes the weight of carbon substrate, M is the molecular weight of
carbon. The recession rate of the void can be expressed as Eq. (2.29)
dv  d(mr?l)2) dr

¥ [,
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where V' is the volume of the cavity. The relation between the recession rate of the

cavity and Jco, flux is expressed as Eq. (2.30).

1dW¢e
p dt

v
T dr

r=ro

drg

MC 111
= WTQZ% = 7 COQATQ (230)

r=ro
Here, p is the density of the C/C substrate. Eq. (2.30) can be used to predict weight
change and cavity growth over time for a specific flight trajectory heating condition.
On the other hand, for steady atmospheric conditions, the weight change and cavity
radius for a particular time can be calculated using the integral model derived through

the process below. By combining Eqs. (2.30) and (2.27), Eq. (2.31) is obtained.

dro  Mc cD"‘C%2 In (1 + a:cowf) 14+«

" p In(re/r1) + 8 a

(2.31)

By integrating Eq. (2.31), ¢ from O to ¢ and r from 7; to 72, a model of the time and

cavity radius, 73 can be obtained.

P 72 1 «

t= r3ln —+ (r3 —r? - =
QMCCDEvHOQ In (1 + I'COg,zf) 2 r ( 2 1) 5

2 a+1
(2.32)

Finally, the radius of the semi-cylindrical void at a specific time, 73, is the only un-

known and can be calculated using Eq. (2.32), and the void size can be converted into

weight loss rate of the carbon substrate using Eq. (2.33).

1
AWo/At = gpr (r3 — i) Jwt (2.33)
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2.3 Model with flame front located inside the cavity

Note that the numerator in Eq. (2.26a) can be negative when In (72 /71 ) is greater than
af3 as ro increases. This signifies that the derived model may not be useful when the
flame front is formed in the void. To make the model applicable to this situation, a
model assuming that the flame front is inside the void is also described in this section.
In this section, the region numbers and the position of the flame front in the cavity r ¢
are redefined, as depicted in Fig. 2.3. Region I is the outer region in the coating slot,
region Il is the outer region in the void, and region III is the inner region. The region
between r = 0 and = 1 is ignored in this section.

In region I, Egs. (2.34) and (2.35) can be obtained through a process similar to
Eqgs. (2.10-2.16), with the following boundary conditions: xp, = xo,,1, at z = L,

o, = To,0 # 0atz = 0.

JL Do 1 | 220 ! 234
0, = —CUnN,In P~ I (2.34)
= - — Z:L
SiC
|
- Z:T:O
—— P =
-- T =71
= r =Ty
c/cC

Figure 2.3: Coordinate description: flame front inside the cavity.



(N0 = TNyL) (TN, 0/TNy L) = (TNp0 — TN, L)

+
D D
Oy I, — TOa0 = 02Nz 02002 (2.35)

1 1

DNQOQ DNQCOQ

The radial gradients of mole fractions in region II are expressed using the same
equations for region I by representing r and II instead of z and I, respectively, as
Eq. (2.36).

a(TJéé) 0 off r 61‘]\[2
—% =3 CDNQa:NQ B =0 (2.36)

Z N, can be obtained using Eq. (2.37) by integrating Eq. (2.36).

In (xNz,rf/xNQ,rl)

= Ty = 2.37
T Ny TNy, (T/Tl) , Y In (Tf/rl) ( )
Next, combining Egs. (2.37) and (2.10) gives Eq. (2.38).
In (xN , /.TN , )
Ji =Dt p (2.38)

rln(re/r)
Replacing =y, and Jo, in Eq. (2.14) with Egs. (2.37) and (2.38), respectively, gives

the equation of radial gradient of z(,.

(2.39)

8%02 eff [ TNary (7"/7a1)7 11— L No,rq (7”/7"1)7 v
= _DN2 + _
or Do, n, Do,co, r

The equation for xp, », can be obtained by integrating Eq. (2.39) using following the

boundary equation: xo, = £0,,, =0atr =7y, £0, = 0,y AT =71.

(xNQ,Tf - xNQ,’I"l) ln (‘TNQ,T‘f/xNQ,Tl) - (xNQ,Tf - xNQ,Tl)

D D
L0y = 0212 0200z (2.40)

1 1

DNQOQ DNQCOQ
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Summation of Egs. (2.35) and (2.40) gives the equation of ., 1 which is consistent
with Eq. (2.16). Hence the position of the flame front has no impact on the value of

Tco,. Combining Egs. (2.34) and (2.38), the equation of x y, ,, can be obtained.

7L 1

_—1 1
w In (Tf/ﬁ) B ENgyry 0 TN L

(2.41)

Inzn,,, =
L 1

14+ -
+ w In (rg/ry)

The relation between r and xc(o, in region III can also be derived from Eq. (2.22)
with the following boundary conditions: zco, = Zco,r, at 1 = 1§, oo, =

TCOsm, ~ 0 at r = ro. Substituting the relation into Eq. (2.18), Eq. (2.42) can

be derived.
In (1 + xco%rf)

JUI _ . peft
CO; = CHCO; rln(ra/ry)

(2.42)

Because JéIOI2 = J(I)g atr = ryr, Eqs.(2.38) and (2.42) are combined into Eq. (2.43).

per (+zco.r) per Scethie) (2.43)
€O In (ry/ry) N In(rg /) '

Merging Eq. (2.41) into Eq. (2.43), the relation between 72 and ¢ can be obtained as
Eq. (2.44).
In(ro/rs) = (In(re/r) + B) o/ + 1 (2.44)

JégQ can be obtained by inserting Eq. (2.44) into Eq. (2.42). It is in the same form as

Eq. (2.27). Next, this equation is substituted into Eq. (2.30) to obtain an equation that
is the same as Eq. (2.31). Therefore, the model assuming that the flame front is inside

the void matched the model that assumed that the flame front is inside the crack.
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2.4 Model with the intermediate space

In case of wide slots, as in Fig. 2.4, the intermediate space R3 between z = 0 and
r = 71 should be considered because the diffusion path occupied by this gap is con-
siderable compared to the coating thickness and cavity size. It can be inferred that the
mole fractions are constant along the » = r; line when the crack width is extremely
small (Fig. 2.5a); however, the mole fractions may not be constant along the curve
when the slot width is not small, because the diffusion may not be radial, as illus-
trated in Fig. 2.5b. Therefore, the gas diffusion paths leading to » = 7; are separately
calculated by dividing the line with infinitesimal areas, as depicted in Fig. 2.6.
Equations for the R3 region are derived in quasi-1D coordinates. The ( axis repre-
sents the distance from z = 0 (( = 0) tor = r1 ({ = (), and the 7 axis represents the
distance from the center of the slot in the width direction. Then, the infinitesimal area
normal to the molar flux can be represented as A = [(; + (7/2 — 1) (] dn/(; by as-
suming the area change was linear, thereby Alg:o = dn and A’C:CT = wdn/2. Param-
eter (, can be represented as Eq. (2.45) assuming that the species through the point

n on the line z = 0 is moving toward the point (71 cos (7wn/2ry), 1 sin (71/2r1)) on

SiC

c/C

Figure 2.4: Illustration of the intermediate space.
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SiC

c/C

c/C

(a)

(b)

Figure 2.5: (a) llustration of radial molar flux when the crack width is small. (b) II-

lustration of non-radial molar flux when the slot is wide when compared with coating

thickness.

c/C

SiC

Figure 2.6: Coordinate descriptions for the diffusion model with quasi-1D intermedi-

ate region.
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the line r = 4.

Gm)y=mry |cos? | =— |+ |sin| =—| -7 (2.45)

Let the R3 region be denoted by symbol *. The gradient of the molar flux of C'O3
can be expressed by Eq. (2.46).

o e+ (/2= ) osco,
- FC —erco Cr 1+ zco, oC

8 * *
% (J&0,dA")

=0 (2.406)

Together with boundary conditions zco, = Tco,,¢, at ¢ = 0 and xco, = Tco, ¢,

at ¢ = r1, the molar flux of C'O3 can be represented as Eq. (2.47).

m/2—=1In[(1 +2co,¢.) / (14 2c0,.6)]

* _ eff _
B Y ) B A 7 V4

Because JEOQ = _JéIOQ at ( = 0, combining Eqs.(2.47) and (2.20) gives Eq. (2.48a).

Ezpln (14 zco,) +1n (1+ .CECOZ,Zf)

In (14 zc0,0) = & 11 (2.48a)

/2 —1
G ln(7/2)
The product of the molar flux and area must be constant in the path, and Eq. (2.24)

§ (2.48b)

must also be satisfied. Owing to the presence of region R3, Eq. (2.24) can be repre-

sented as Eq. (2.49) instead of Eq. (2.25).

¢ln (ra/r1)In (1 + x(;o%zf)

n (1 +200m) Eln(ro/r1) + (Ez5 + 1) 7/w (2.49)
Eq. (2.50) can be obtained by combining Eqs. (2.48a) and (2.49).
1+ zco,,z TZf &ln (1+x002,zf)
In = (2.50)
1+ 200,50 w En(ro/r) + (§zp + 1) 7/w
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Subsequently, Eq. (2.50) can be inserted into Eq. (2.21) to eliminate xco, 0.

s 1 —In(re/r1) + a (B + B%)
— - = 2.51
” Zf + ¢ T+a ( a)
m  wln(m/2)
e = 2.51b
By substituting x,, », With Eq. (2.49), Eq. (2.23) leads to Eq. (2.52).
L o 7 In (7w/2) D n (1+ zco, zf)
g = G| = 2 : 2.52
Cop X T w+n 1 +w7r/2—1‘3 a/(1+a) (2.52)
By calculating the average of ¢, from nn = —r; to 5 = r1, {, ~ 0.32865w can be

obtained. Finally, the final model of this study can be derived in the same manner as

depicted in previous sections.

p 79 B 1 «
t= r21n——|—(r2—r2) B+ 5" — =
2MCcDeCHOQ In (1 + ZL‘COQ’Zf) 250 2 ! 2 a+1
(2.53)
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2.5 Application of model to natural craze cracks

The values of the variables in Table 2.2 are required to apply the developed model
to actual cracks. Given the specific flow conditions, the thickness of the coating,
the width and length of the crack, and the density of the carbon matrix are required
concerning the crack shape. The coating thickness and the density of the carbon sub-
strate can be measured. The problem is measuring the width and length distribution
of naturally occurring cracks. The crack length is different for all cracks, and many
cracks have various widths. However, it is not evenly distributed over a wide range,
and many cracks with widths around a specific value are observed so that the most
frequent value can be used as the crack width [30]. The crack length is measured by
measuring the total crack length in a specific area of the specimen to measure the
crack length per unit surface area. At this time, a clear crack skeleton image can be
obtained by slightly grinding the crack coating surface [29].

When a natural crack exists, the entire surface is divided into a coating surface
and a surface opened by cracks in the surface view. When the oxidation weight

change per unit surface area is measured, the oxidation amount for the area opened

Table 2.2: Inputs of model for oxidation through crack.

Crack geometry  coating thickness, crack width, crack length
Material property C/C density

Flow condition total pressure, partial pressures, temperature
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\

(a) Grinded surface with natural cracks. (b) Skeleton image of natural cracks.

Figure 2.7: Natural craze cracks: reprinted from [29].

by the crack can be converted through the following equation.

AW AW Acrack‘
= 2.54
Asurface Acrack Asurface ( )

Agurface denotes the area of entire surface, and A..c; denotes the surface area
opened by cracks. And since this equation corresponds to Eq. (2.33), it can be con-
verted to the cavity size. In conclusion, the a of the cavity created under the inter-

spersed cracks from the change in weight per unit area.

: 5 4 )8t



Chapter 3

Modeling for Oxidation Through Pores

3.1 Counter-current gaseous diffusion model

Many studies on the application of the counter-current gaseous diffusion model have
been performed to describe the oxidation of the protective coatings [36, 37, 38, 52,
53, 54]. The schematic diagram of the counter-current diffusion process through the
pores considered in the present study is illustrated in Fig. 3.1. The figure is represen-
tative of hafnium carbide/oxide, but it is equally applicable to Silicon carbide/oxide
and zirconium carbide/oxide.

The path of diffusion consists of two zones because of the incompatibility be-
tween O and C'O gases as in the model of oxidation through cracks. In the zone
near the carbide, gaseous species C'O, C'Oq, and N» exist. C'Os diffused inward re-
acts with carbon, and the carbon substrate is oxidized by this reaction. Subsequently,
the reaction releases C'O, which moves outward. The reaction at the oxidation attack

surface is as follow:
HfC(s) 4+ 3C02(g) = HfOa(s) +4CO(g). 3.1
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Mole fraction

carbide/oxide interface coating surface
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Figure 3.1: Schematic diagram of diffusion through porous oxide layer.

1 [,
41 M=




Gaseous species present in the outer region are O2, C'O4, and V. Between these two

regions, O2 and C'O react to form C'O5 at flame front.
202(g) +4C0(g) = 4CO2(g) (32)
Then the overall reaction is:
HfC(s) + O2(g) = HfOz(s) + CO2(g). (3.3)

Let region I denote the outer zone, region Il be the inner zone, and J(I)2 be the mo-
lar flux (in moles/unit area-time) of O in region 1. Then JéOQ has opposite direction
from Jé2 and have the half magnitude. In region II, Jéo and JéOQ are in opposite
direction. The reaction Eq. (3.1) and mass balance between C'O and O at the flame

front are used to obtain the relation between molar fluxes in both regions:

JE )2 = 4a,
JEo, = —3a,
(3.4)
Jé402 = a,
JéQ = —2a.

The molar flux of N, is zero along the path of diffusion. The species molar flux is

constant along the path as presented in Eq. (2.5).

Ji
0z

0 (3.5)
where 2z denotes the distance from the carbide-oxide interface to the coating surface
inside the protective layer, as depicted in Fig. 3.1.

Diffusion equation

Unlike the diffusion model of oxygen through cracks, the simplified MS equation

using effective diffusion coefficients (Eq. (3.6)) is adapted for the diffusion through
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the pores because the model development from the Maxwell-Stefan equation is too
complicated.

Ji = —cDj oty (‘?;) + Zj: Jj (3.6)
The most significant difference between the two equations is whether the mole frac-
tion changes according to the position inside each region and whether the resulting
diffusion coefficient can be used. In particular, since the distance at which molecules
can freely move through the pores inside the oxide layer may be a short time longer
than the mean free path, not only the gas phase inter-diffusion but also the Knud-
sen diffusion should be considered. This problem prevents the direct derivation of a

model from the MS formula. Eq. (3.6) can be rewritten as Eq. 3.7.

or;  Ji—wid g i YLy (wdi — widy)
_ 9% _ _ (3.7)
0z D; ey D; ey

On the one hand, the effective diffusion coefficients should satisfy Eq. (3.8) in the

porous media [55].

ox; J; N xjJ; — x;J;

—e— = +y " 3.8
0z Di,K ; Di,j,M ( )

In Eq. (3.8), D; i is the Knudsen diffusion coefficient, and D; ; s is the effective

molecular diffusion coefficient. From Eq. 3.7 and Eq. 3.8,

Yo (@i — i)
Dicpf = (3.9)

Ji N HJJ‘JZ' — xiJj
D; k TS T Do

Dijm
Although z; varies through the diffusion path and the effective diffusion coefficient
depends on species composition, the average values of each gas species in each region

are used [47].
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The Knudsen diffusion coefficient is defined as

4

Di,K = g’l)l'K, (310)

where v; is the average molecular velocity of species 7 and K is the Knudsen perme-

ability. The average molecular velocity and the Knudsen permeability are in Eq. (3.11)

and (3.12).
8ET
i = 3.11
v Y7 (3.11)
K =r,/2 (3.12)

In Eq. (3.12), r,, is the radius of pore inside the porous oxide.

The effective molecular diffusion coefficient D; ; ps is obtained by correcting
the gas phase inter-diffusion coefficient in consideration of the effect of diffusion
being hindered by the oxide layer. Three components such as tortuosity (7), restrictive

factor (F), and porosity (¢) are considered as Eq. (3.13).

D; ;o

Dijn = F (3.13)

Tortuosity generally means the ratio of actual flow distance to straight distance. When
tortuosity increases, the effective molecular diffusion decreases. Tortuosity is mostly
expressed as a function of porosity. When the porosity is one, the tortuosity is one,
and it increases as the porosity decreases. The forms of typical torsion functions are

as follows [56, 57].

7= (yo' ")
r=6+y0-0) G149
T=1-—ylng

Y, p, g are adjustable parameters. Some tortuosity functions are shown in Fig. 3.2.

Since tortuosity function 7 = phi~"* is used most often, this function was also

o L
44 AM=1
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used in this study. However, since the functions are models suitable for 0.2 or more

porosity, some functions increase rapidly as the porosity approaches zero. Therefore,

in this study, a study on the tortuosity function was also conducted, which will be

described later.

10 r
1
\ tortuosity 1
\ —_——————— tortuosity 2
8 _\ — — — = tortuosity 3
\ ———— - tortuosity 4

Tortuosity

0 0.2 0.4 0
Porosity

Figure 3.2: Various tortuosity models. tortuosity 1: 7 = ¢4, tortuosity 2: 7

¢+ 3.79(1 — ¢), tortuosity 3: 7 = 1 — 2Ina, tortuosity 4: 7 = 1 — 0.5In¢
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Restrictive factor F is adapted for the constrictivity, which is essential when the
pore is exceptionally tiny, and the path is narrow, similar to the diameter of the dif-
fusing molecule. It is expressed as a function of lambda, as shown in Eq. (3.15)

[58].
FA) = (1-=N)%P
(3.15)
A =d;/d,

d; is the solute critical molecular diameter and d,, is the pore diameter. Because A is
the ratio between the diffusing particle diameter to the pore diameter, in this study, the
kinetic diameter of each gas molecule is used for d;. The kinetic diameter of each gas
molecule is tabulated in Table 3.1 because they are frequently used for the diffusion
of gas molecules [59]. The factor is almost one when the pore diameter is over 300 A

and rapidly decreases when the pore diameter is below 100 A. Restrictive factors for

four gas species are shown in Fig. 3.3.

Table 3.1: Kinetic diameter of gas molecules.

Gas species N2 02 C0O2 CO (0]

Kinetic diameter (pm) 364 346 376 330 1529

“Diameter of atomic oxygen is from Van der Waals diameter.



Restrictive factor

100 150 200
Pore diameter (Angstrom)

Figure 3.3: Restrictive factor.
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3.2 Model without oxygen dissociation

Model development starts from Eq. (3.6). Molar concentration of each species ¢; is
used instead of the molar fraction x; for convenience. Note that ¢ is for total concen-
tration, and ¢; is the concentration of each species. Then Eq. (3.6) can be rewritten as

Eq. (3.16).

801- i
Ji=—Diesr (5, ) T Czj: Jj (3.16)
Then the equation can be transformed into an integrable form.

1 1

— dej=—d 3.17
C; Zj Jj *CJZ' ¢ CDi’eff : ( )

Integrating Eq. (3.17) with respect to the carbide-side zone, region II, gives the molar

concentration according to the position as Eq. (3.18).

cJ; (2 —2£) 225 J; . cJ;
Cizp — = | €xp
EEPYEY eDitss 2.7

(3.18)

C; =

Recall that Joo = 4a, Joco, = —3a, ) . J; = ainregion I, then Eqgs. (3.19)-(3.21)
2 ) g

can be obtained.

a(z — z5)
cco = (cco,.; —4c) exp | —77—| +4c¢ (3.19)

II
cDco.csy

a(z — zy)
cc0s = (cCOp.z; +3¢) exp | ———| — 3¢ (3.20)

II
cDEoyeff

a(z — zy)

II
CDN, o5y

ena = (e zy) exp (3.21)
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Integrating Eq. (3.17) with respect to the surface-side zone, region I, gives the molar

concentration according to the position as Eq. (3.22).

CJZ' (Z — L) Zj Jj CJZ'

GL— — 5 | exXp +
' > CDiI,eff 25

(3.22)

C; —

Recall that Jo, = —2a, Jco, = a, Zj Jj = —ainregion II, then Eqs. (3.24)—(3.25)

can be obtained.

a(L — z)
€0y = (o1 = 2€) €xp | —p——| +2¢ (3.23)
HOseff

a(L — z)
cco, = (cco,,1 + ) exp —c (3.24)

I
D60y erf

a(L — 2)

= - 3.25
CNy (COQ,L) €Xp CD]I\/vz’eff ( )

Eq. (3.19) becomes because C'O is all consumed at the flame front (cco . ;=0

—azf

II
D60 s

cco,0 = (—4c) exp + 4c. (3.26)

Similarly, Eq. (3.23) can be rearranged as Eq. (3.27) because Os is all consumed at

the flame front (co, . ;=0

2¢ a(L — zy)
In - (3.27)
2¢ — 0,0 cDéMff

The relation between the molar flux and the position of flame front can be obtained

from Eq. (3.27).
2c

azy = al — CDéQ,eff In m (328)
2,

¥ [,
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Substituting Eq. (3.28) into Eq. (3.26) leads to Eq. (3.29).

aL D! 2
¢ (—4c) exp PRI Tde  (3.29)
cO,0 = \— T oIl 17 :
cDCO’eff DCO’eff 2¢ — co,0

The molar concentration of COs, cco, .0, can be written as Eq. (3.30) from Eq. (3.20).

—CLZf

CCO,,0 = (Cco2,zf + 3c) exp DI |~ 3c (3.30)
cLcoserf

Two unknown variables cco, - s and zy exist in Eq. (3.20). z; can be eliminated by

adapting Eq. (3.28). CCO,,z CAN be obtained from Eq. (3.24).

a(L — zy)
CCO2,25 = (CCO2,L + C) exXp | (7 | = ¢ (3.31)
Do, ety

2y in Eq. (3.31) also can be eliminated by adapting Eq. (3.28). Combining Egs. (3.28),

(3.30) and (3.31) leads to cco,,0 with unknown a L only.

Dy, erf 2¢
cco,0 = | (cco,,1 + €) exp [DI 2 In (2 ) + 2¢
COs.eff €7 €00
(3.32)
al Dé2 eff 2c
X exp | — + ——In < ) — 3¢
Doyess  Dlosess  \267 €020

Eq. (3.29) and (3.32) can be used to calculated aL. Assuming that CO and CO5 are
in an equilibrium state at the carbide-oxide interface, the equilibrium equation is used
to calculate the molar concentration of CO and C'O,. When Egs. (3.29) and (3.32)

are substituted into Eq. (3.33), the only unknown variable a L can be obtained.

C4CO 0
= Koy (3.33)
€C0,,0

T [, 11 =
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Because of the molar volume difference between carbide and oxide, coating
thickness may increase as the oxide layer grow, as depicted in Fig. 3.4. The relation

between the recession rate and the molar flux is as follows.

dLX02
- = Vxo,a (3.34)
dLxc
= — 3.35
i Vxca (3.35)
choating
T = (VX02 — VXC)CZ (336)

V is the molar volume of porous scale in cm?/mole, which can be obtained by di-

viding the molecular weight by the density.

Vx0, = Mx0,/px0, (3.37)

Assuming that the permeability aL is constant, the parabolic oxidation rate of the
oxide thickness, k; in cm? /s, can be defined as follow. Variables without subscript

for either oxide or carbide denote variables for oxide below.

dL

kp = 2V(aL) = 2L— (3.38)

Then thickness change can be calculated by Eq. (3.39).

kO

p
AL = —A .
5T t (3.39)
Vxc
ALxc = — AL (3.40)
VXOQ
Vxc
ALcogting = | 1 — AL (3.41)
VXOQ
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Eq. (3.42) is used at the first time step to avoid the infinite problem when L is zero.

AL = /keAt (3.42)

The parabolic oxidation rate of the weight change, k, in g2/(cm?* — s), can be ob-

tained from Eq. (3.43).

Mxo, — Mxc

ky = 5 kS (3.43)

Similarly, the oxide thickness change can be converted into the weight change of the

protective layer.

Mxo, — Mxc

AW = — AL (3.44)
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Figure 3.5: Flow chart of calculating oxide growth rate.
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3.3 Model with oxygen dissociation

In the hypersonic flight condition, the molecules after shock can be dissociated, and
O, N atoms, and NO molecules are expected to exist. The amount of N and NO at
the surface of the protective layer may be negligible, but the dissociation of O2 into O
can be significant. So a model considering the O molecule in the surface-side region
is developed in this section.

The diffusion path consists of two zones because of the incompatibility between
O and C'O gases, as in the model of oxidation through cracks. In the zone near the
carbide, gaseous species CO, C'Os, and N» exist. C'O diffused inward reacts with
carbon, and this reaction oxidizes the carbon substrate. Subsequently, the reaction
releases C'O, which moves outward. The reaction at the oxidation attack surface is as
follow:

HfC(s)+3C02(g) = HfOz(s) +4CO(g). (3.45)

Gaseous species in the outer region are O3, C'O2, and N». Between these two regions,

HfC(s)+3C0,(g) = Hf0,(s) + 4C0(g)
46‘099) + 40(g) = 4C0,(g)

/

4C0(g 40(9) Air

¢ 1
3C02(g)i C0,(g)

v

Figure 3.6: Schematic diagram of diffusion through porous oxide layer when Os is

dissociated.
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O and CO react to form COs at the flame front.

40(g) +4CO0(g) = 4CO2(g) (3.46)

Then the overall reaction is:

HfC(s)+20(g) = HfO2(s) + CO2(g). (3.47)

The reaction Eq. (3.45) and mass balance between C'O and O» at the flame front

are used to obtain the relation between molar fluxes in both regions:

JEL /2 = 4a,
J(%Q = —3a,
(3.48)
JéOQ =a,
Jé = —4a.
In the same manner with sec. 3.2, Eq. (3.49) and (3.50) can be obtained.
c [ Dé2 eff 4¢ 8
CCOp0 = CCOs,L + 5 | €Xp : In < > + =c
2 ? 3 DéO%e i 4c — 3co, 0 3
(3.49)
I
X exp o + 30011 In ( e ) 3c
TPl II -
CDCOz,eff DCOmff 4c — 3co,.,0
al  Do,epf dc
ccon = (—4c)exp | — + ———1In +4c  (3.50)
CDgO,eff Dgo,eff dc —3c0,,0

aL can be obtained by combining Eqgs. (3.33), (3.29), and (3.32). The oxidation rate

can be calculated.
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3.4 Measurement of input variables

The values of the variables in Table 3.2 are required to apply the developed model
to predict the oxide growth speed. Assuming that flow conditions are given and ox-
ide thickness is estimated at the previous time step during calculation, inputs ac-
cording to porous media and oxide density is in need. Oxide density can be easily
measured. Porosity can be measured using various techniques: direct method, optical
method, computed tomography (CT) method, and gas expansion method. The direct
method determines porosity with the bulk volume and the skeleton volume. The op-
tical method estimates the porosity value by visually checking the cross-section. CT
method uses CT scanning to render the internal geometry and then calculate poros-
ity utilizing a program. The gas expansion method proceeds as follows. After fill-
ing a container with a sample and gas, the gas is transferred to another container of
the same volume. Then the porosity can be calculated from the pressure difference
between the two containers. The gas expansion method is the most recommended
because it excludes isolated pores and can measure relatively accurately only the
porosity by open pores that can reach the gas penetrating through the surface. Pore
radius can be measured by gas adsorption experiment [60]. Gas adsorption experi-
ments measure the surface area, pore radius, and volume of those pores open to the

surface. This method is suitable for pore radius range from 0.35 nm to 100 nm. A

Table 3.2: Inputs of model for oxidation through pores.

Porous media porosity, pore radius, tortuosity, oxide thickness
Material property oxide density

Flow condition total pressure, partial pressures, temperature




sample is typically held at the boiling temperature of the gas such as Ny and Ar, and
the difference in volume in the equilibrium state is measured for a range of pres-
sure. Then the data is converted into the pore size distribution using various theories
such as the Brunauer-Emmett—Teller (BET) method. The diffusion method is a direct
method for measuring tortuosity because the tortuosity is the ratio of the average pore
length for the major flow or diffusion pathway to the length of the porous medium

along flow or diffusion axis [61, 62].
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Chapter 4

Result of Modeling Oxidation Through Cracks

4.1 Previously published experimental cases

Measurements for carbon oxidation through artificial wide slots and natural craze
cracks have been reported by Jacobson et al. [29]. The temperature range of this ex-
periment targets the thermal environment around the re-entering Space Shuttle. Most
of the Space Shuttle surface did not get hotter than 1,260 °C [63], and this test was
conducted up to 1,300 °C. In wide slot cases, slots were artificially made on the
SiC coated on reinforced carbon/carbon (RCC) disk with a diameter of 1.91 cm. The
coating thickness was 0.78 &+ 0.14 mm, the width of the slot was between 0.312 and
1.116 mm, and the length of the slot was approximately 7-8 mm. These slotted spec-
imens are shown in Fig. 4.1. The density of carbon was assumed to be 1.362 g/cm?.
The specimens with an artificial slot were oxidized in a box furnace. Bottled air at
1 atm was used, and the tests were performed at 1,200 °C for 2.5 h. The weight differ-
ence was measured at every 0.5 h. The test conditions and measured weight loss rates

for six artificial slot cases are tabulated in Table 4.1. The oxidation attack through
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Figure 4.1: RCC disks with artificial slots: reprinted from [29].

Table 4.1: Case conditions and weight loss rates of SiC-coated RCC specimens with

machined slots at 1,200 °C in air [29].

Slot width Slot length ~ Weight loss rate
Case number
(mm) (mm) (mm/mm?-h)
case 1 0.484 £0.062 8.177 £ 0.923 34+6
case 2 0.312+£0.033  8.284 £0.63 48 £ 6
case 3 0.560 £0.013  7.094 £+ 0.132 48 £1
case 4 0.466 £0.04 7.114 £ 0.019 43 £5
case 5 1.116 £0.024  7.602 £+ 0.101 18£1
case 6 0.963 £0.0041 7.624 £ 0.039 21+1

cracks naturally formed on the SiC coating was investigated in craze crack cases. The
thickness and width of the crack were approximately 1.6 mm and 12.8 um, respec-
tively. Crack widths were measured near the surface. The crack length per unit area
was determined using the surface image of 0.3 mm-grinded coating. The total crack
length was obtained by multiplying the geometrical surface area by the crack length
per unit area. The specimens with natural cracks were oxidized in a vertical tube fur-

nace. Bottled air at 1 atm was used, and the tests were performed at 1,000, 1,100,
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1,200, and 1,300 °C for 2-2.5 h. The specimens were suspended from a recording
electro-balance by a sapphire fiber with a platinum wire basket into the vertical tube
furnace. The results are provided in the form of a weight change plot in Fig. 4.4—
4.7. The weight loss appears negative at the beginning of the experimental period at
higher temperatures owing to the passive oxidation of the SiC coating. The weight
change plot can be fitted using the combined SiC passive oxidation/carbon oxidation

law [29], Eq. (4.1), and the carbon consumption rate can be derived.

AW Acrack

| =Vt kit | — (4.1)

Asurface Asurface

where AW is the weight change, Ay, fqce i the geometrical surface area of the test
specimen, A4 is the area of carbon exposed by craze cracks, k,, is the parabolic
weight gain rate by SiC passive oxidation, and k; is the linear weight loss rate by
carbon oxidation. The parabolic and linear oxidation rates that best followed the
experimental results were selected within reasonable ranges. Subsequently, the de-
rived linear rate can be directly compared with the weight loss rate calculated from
Eq. (2.33) because k; = AW,/ Agrqckt. The test conditions and plot-fitted weight loss
rates for four craze crack cases are tabulated in Table 4.2. The fitting curves using the

selected rates are also presented in Fig. 4.4-4.7.
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Table 4.2: Case conditions and fitted oxidation rates for SiC-coated RCC specimens

with craze cracks.

Case Tempe- Geometrical Total linear parabolic
number rature surface area  crack length rate rate

(°0) (mm?) (mm) (mg/mm?h)  (mg/mm?>-h)
case 7 1,000 850.2£10 281434 24.5+7 -
case 8 1,100 935.5+10 309437 24.5+6 6.5x1073
case 9 1,200 946.8+10 312437 33+£8 3.3x1072
case 10 1,300 940.2+10 310437 27£9 2.8x1072

Conditions are from Jacobson et al. [29] and rates are fitted in this study.
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4.2 Validation of model

The results from the present model, earlier model, and experiments are plotted in
Fig. 4.2, and the results for the craze crack cases are shown separately in Fig. 4.3.
For results from an earlier model, values published in a previously presented paper
[29] were used.

The results from the present model validate the effectiveness of the model. In

cases 1-4, values smaller than the experimental results were still predicted; how-
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Figure 4.2: Validation of the model. Experimental data (squares), results of the earlier

model (circles), and results of the current model (diamonds): cases 1-10.
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ever, the values are closer to the experimental ones when compared with those of the
previous model. Although there were some differences between the calculations and
experimental results, those differences seem permissible because variations in results
can occur because of factors not considered in the proposed model: additional oxi-
dation through craze cracks, vaporization of impurities, and non-uniform thickness
of the coating, and winding cracks [29]. In cases 56, in contrast to cases 14, the
calculations exhibited results slightly larger than the values from the experiments;
however, it can be said that the calculation predicted the oxidation rate well, even for
oxidation through wide slots.

The predictions for cases 7-10 are in good agreement with the experimental val-
ues, though uncertainties such as non-uniform crack thickness and tortuosity in the
crack path may exist. Weight change plots are compared in Fig. 4.4-4.7. Solid lines
depict experimental results. Double-dotted lines are curves with the fitted rates listed
in Table 4.2. Dotted lines are curves with the rates obtained from an earlier model,
and dashed lines are curves with the rates obtained from the current model. Except
for the case of 1,200 °C, the results obtained from the present model are in good
agreement with experimental curves. In summary, the proposed model predicted the
oxidation attack through the narrow crack and wide slot more efficiently when com-
pared with the experimental results. Thus the model developed is validated on an
oxidation rate model under 1,000 °C and 1,400 °C, where the diffusion-controlled

model can appropriately estimate oxidation.
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4.3 Discussions

4.3.1 Impact of assumptions on calculation

Four models listed in Table 4.3 were compared to investigate the impact of each as-
sumption on the estimation of carbon consumption by oxidation attack. The models
were developed based on assumptions listed in Table 4.3. The models’ details were
omitted for this paper’s clarity and conciseness. The fixed-binary model was devel-
oped from the simplified MS equation, and the position of the flame front was fixed
at the initial location, whereas the void was growing. The fixed-ternary model was
developed from the original MS equation; however, the position of the flame front
was fixed. The moving-ternary model is given by Eq. (2.32), and the current model is
given by Eq. (2.53). The results from the models are presented in Fig. 4.8 and Fig. 4.9.
The fixed-binary and fixed-ternary models were compared to ascertain the need to use
the original MS equation rather than the simplified equation. The fixed-ternary and
moving-ternary models were compared to evaluate the impact of the released front

flame on the calculation.

Table 4.3: Descriptions of models with various assumptions.

Assumptions
Model
Diffusion Flame front Intermediate path
fixed-binary model binary fixed X
fixed-ternary model ternary fixed X
moving-ternary model  ternary released X
current model ternary released O

§
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Figure 4.8: Weight loss rates calculated using various models: cases 1-10.

Furthermore, the moving-ternary and final models were compared to study the
impact of the intermediate region. The assumptions for the earlier model in Fig. 4.8
and Fig. 4.9 were the same as for the fixed-binary model; however, some revisions
were made to the fixed-binary model. Some errors in the formula derivation, such as
using molar flux instead of mass flux and a fault in the equation rearrangement, were
corrected, and the model was developed without approximations of the logarithmic
terms using Taylor expansions.

Compared with the fixed-binary model, the fixed-ternary model exhibits 67 %
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lower weight loss rates. This difference appears because the simplified MS equation
ignores the impact of the N9 gas in the outer region. With proper boundary conditions,

combining Egs. (2.4) and (2.7) leads to Eq. (4.2).

TC0y,2f = T0,,L DY/ DD, (4.2)

The ratio DI / DY, is approximately 1.29 in the range of 1000-1300 °C. Because
LCOy,z; is greater than o, 1., TN, - , must be smaller than x y, 1. However, Eq. (2.7)
takes the form of Eq. (4.3) when referring to N, x{VQ is constant regardless of its
location.

Jn, = —cDSE (dan, /02) =0 (4.3)

Assuming that zp, ; at the coating surface is 0.21, the sum of mole fractions at
z = zy becomes 1.06, which means that the law of conservation of mass is not
satisfied in the outer region (see Table 4.4). Furthermore, the zco, .~ s value calculated
using the binary equation is approximately 6.7 % larger than those obtained from the
ternary equation (Table 2.1). This difference appears to result in a weight loss rate
deviation of 6-7% because zco,,., appears in the final model and directly affects
the results.

Without ignoring the multi-component term, the MS equation can be reorganized

into a form similar to the simplified equation [64]:

Ji= =Dt (5 ) +aiDf 5o i :ZD— (4.4)

And in the previous model, a more simplified Equation, Eq. (2.7), was used. The
effective diffusion coefficient fof has been approximated as the binary diffusion

coefficient between species i and N2, which is denoted as D; n,. The final term is
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Table 4.4: Weight loss rates at 1200 °C in air for SiC-coated RCC specimen with

machined slots.

Temperature (°C) D%fg Decffo2 D?)fg / Dgﬁo2 Do ;
1000 2.3890 1.854 1.289 1.060
1100 2.705 2.099 1.289 1.060
1200 3.038 2.351 1.292 1.061
1300 3.390 2.616 1.296 1.062
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Figure 4.10: Mole fraction discontinuity at flame front.
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nonzero for No, and the sum of mole fractions remains one when the term is con-
sidered. It can be inferred that the existing model predicted a smaller loss than the
experimental result despite ignoring the impact of nitrogen and predicting a larger
carbon consumption rate than that of the model with a multi-component effect. In
conclusion, modeling based on the simplified MS equation is suitable for approxima-
tions; however, the multi-component MS equation is necessary for precise estimation

and a detailed understanding of the oxidation mechanism.
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Impact of moving flame front

The moving-ternary model exhibits weight loss rates 25-50 % larger in cases 1-6
than those predicted by the fixed-ternary model; there is little difference in cases 7—
10. In the previous fixed model, zco,,0 in Eq. (2.21) is assumed to be zero when
calculating zy and 2y is fixed at one position as Eq. (4.5), even though it has to be

shifted inward as the void grew.

-1

L . Do, eff .. Do, ctT0, 45)
—=1+4zopm— |In [ 14— :
zf 2" Deo, eff Dco, eff

In that case, z¢/L ~ 0.47; however, the flame front moves inward as it is released in
the current model, as depicted in Fig. 4.12.

When the width is narrow, as in the case of a 0.01 mm wide crack, owing to
an insufficient supply of gas molecules, the molar flux per unit area in the cavity is
extremely small, and the mole fraction gradient inside the void is minimal. Therefore,
TCO0,,0 X TCO,,r, and the flame front exhibits almost no movement. In contrast,
when the crack width is sufficiently wide, as in the case of a width of 1 mm, the
amount of flux into the carbon surface increases, as depicted in Fig. 4.13, when the
flame front is released, yielding a result that is up to 60% larger than that of the fixed
model. Finally, the term z; does not explicitly appear in the current model, unlike in
previous models. The location of the flame front is no longer a significant factor in
estimating carbon degradation in the current model; only the path geometry of cracks

and cavities affects the calculation.
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Effect of path geometry

The magnitudes of the flux and coating thickness are always observed together as a
product, which has units of permeability, in equations [38]. Similarly, Eq. (2.53) can
be expressed as Eq. (4.6).

CD%%Q In (1 + 33002721,)
a/ (1+a)

JE, x 7[R+ Ro + Rs) = (4.6)

7 In (7/2)
Terms 7L /w, In(re/r1), and —7157« correspond to terms Rj, R, and Rs,
w —

/2

respectively. The second term on the/left—hand side is the diffusion path geometry, and
the right-hand side corresponds to permeability. Therefore, Jco, is affected mainly
by the diffusion path term because the right-hand side term is fixed when atmospheric
conditions are given.

When R3 was considered in the final model, the model predicted a weight loss
rate lower than that predicted by the moving-ternary model. The difference between
the two models became more prominent as the slot width increased. As depicted
in Fig. 4.14, the ratio of R3 for R; increases as the crack width increases, and the
magnitude is in a similar order of Ro. Owing to the complexity in the derivation
process, area A was assumed to be proportional to ¢ in the quasi-1D region; however,
in fact, it may be proportional to (P, where p would be more significant than 1 (e.g.,
1.5). Subsequently, the calculated results would increase as the slot width decreases
and decrease as the slot width increases; therefore, the model results may show better
agreement with the test results when compared with the current model. The results
obtained using fixed models coincide with experimental results by chance because

the impact of the moving flame front, which predicted larger values, and the impact

of the region R3, which predicted more minor values, canceled out. For craze crack
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cases, the difference between the ternary models was minimal because the cavity size
was significantly smaller than the coating thickness, and there was no impact on the

cavity.
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4.3.2 Characteristics of weight loss by oxidation attack through cracks

As mentioned above, the degradation of carbon substrates through cracks is only
controlled by the path’s geometry and atmospheric conditions. The characteristics of
the weight loss of carbon substrates caused by oxidation attack through coating cracks

are investigated in this section based on crack geometry and atmospheric conditions.

Dependency on geometry of coating crack and void

The weight loss rates for specimens with various coating thicknesses and crack widths
are depicted in Fig. 4.15. With reference to the case of the space shuttle [25, 17, 26],
coating thicknesses and widths within 0.5-1.5 mm and 0-1.2 mm, respectively, were
used. Figs. 4.15a and 4.15b depict the carbon consumption rate as AW /wlit and
AW /It, respectively. The rate increases as the coating thickness decrease; it in-
creases as the crack width increases. In contrast, the weight loss per crack width
decreases as the crack widens. When the crack width is approximately 10 pm, the
rate can be calculated using the current model, as shown in cases 7—10. In addition,
because crack healing is not effective at temperatures under 1300 °C [65, 66], it
is unnecessary to consider crack healing. However, when the crack width is of the
order of 1 pm, the binary diffusion coefficients should be replaced with the effec-
tive diffusion coefficients, which are combinations of the molecular diffusion coeffi-
cients and Knudsen diffusion coefficients, to calculate diffusion in the crack path in
which the mean free path of molecules is significantly greater than the crack width

[38, 67, 29, 54]. In this condition, the weight loss rate would be decreased.

1 ™
82 *" == L]



Figure 4.15: Weight loss rate in air of 1200 °C based on coating thickness and crack

width.
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Dependency on atmospheric conditions

Weight loss rates for various atmospheric conditions are depicted in Fig. 4.16. The
speed of carbon degradation is proportional to 79-6~7°-7 in 1,000-2,500 °C range for
0.01-1 mm widths. Therefore, the rate at 2,500 °C is approximately 40% larger than
that at 1,000 °C. The weight loss rate is almost proportional to the partial pressure
of oxygen when the total pressure is constant because the partial pressure means the
number of oxygen molecules. However, the oxidation speed is inversely proportional
to the total pressure when the partial pressure of oxygen is constant. This trend hap-
pens because the number of other molecules in the path hindering oxygen diffusion

increases as the total pressure increases.

84 x—g N :.-_ -:I



0.01mm
r ———-01mm
———= 0.5mm
0 ———— 1mm
5
£
E L
=2
E L
Q
® 40
L
E 0 P T
2 - —_
) F— -
= -
20F ——"
L R - R - R
1000 1500 2000 2500

Temperature [°C]

(a) Weight loss rate versus temperature for various crack

widths.

o

(1) Partial pressure of oxygen [atm]
100 0.2 0.4 0.6 0.8
T | T T

\
\

\ R

fesl
o

\ R

~
o

[2}
o

W S
o o

n
o
\.

)
I

Weight loss rate [mg/mm?®-h]
> S
\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\
N
\.
\.

N

o v v v b b b b b 1l
02 04 06 08 1 12 14 16 18
(2) Pressure [atm]

o
o

(b) Weight loss rate based on (1) partial pressure of oxygen

and (2) atmospheric pressure of air (crack width 0.5 mm).

Figure 4.16: Weight loss rate under 1 mm-thick coating crack under various atmo-
spheric conditions.

85 A= TH



Chapter 5

Result of Modeling Oxidation Through Pores

5.1 Previously published experimental cases

Measurements for oxidation of hafnium carbide coating have been reported by Hol-
comb [29]. The carbide specimens were made by cutting a large hot-pressed compact
into approximately 1.5 x0.8 x0.1 cm. Two experiments on the oxidation of hafnium
carbide were conducted according to the temperature range by dividing the 1,200-
1,530 degree range and the 1,800-2,200 degree range. A weight change test was con-
ducted in the vertical reactor chamber for the low-temperature range. The specimen
was placed on an alumina basket suspended by platinum wire and lowered into the
furnace. Then the mass of the sample was recorded in real-time by an electronic bal-
ance. The test was performed under the condition that the total atmospheric pressure
was 1 atm and the oxygen partial pressure was 0.02, 0.21, and 1.0 atm, respectively.
In the temperature range over 1,800 degrees, the specimen was oxidized by heat-
ing the sample with a CO» laser and injecting air. In this case, the thickness of the

oxide layer was measured after the test, and then the weight change was estimated,
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assuming the density of dense hafnia.

5.2 Model results and validation

The results from the present model, earlier model, and experiments are plotted in
Fig. 5.1. When calculating the model, a porosity of 0.02 and a pore radius of 0.01

microns were used as in previous studies. The horizontal axis represents the recip-
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Figure 5.1: Comparison between HfC oxidation experiment and base model: pore

radius 0.01 microns.
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rocal of the temperature, and the vertical axis represents the weight growth layer of
the oxide layer on a log scale. In the case of an oxygen partial pressure of 0.21 atm,
both models belong to the range similar to the test results. Still, the existing model is
close to the middle of the experimental values, and the current model calculates a low
oxidation rate. When the partial pressure of oxygen is 1 atm, the previous model pre-
dicts more than the test result, and the current model measures less than the previous
model. And when the oxygen partial pressure is 0.02 atm, both models are calculated
lower than the test results.

For all three oxygen partial pressure conditions, the current model predicts 30 to
35% less than the previous model. Compared with the experiment, the current model
is more incorrect than the previous model, but this is likely because the pore radius
was set to 0.01 microns for calculation. As mentioned in the introduction, the average
pore radius from hafnium oxide was much larger than 0.01 microns. So the model
should agree with the experiment when the average size of pores inside the oxide
layer is input to reflect the diffusion inside the oxide layer well physically. Thus the
previous model over-predicts the oxygen diffusion through the oxide layer, and the
current model predicts the correct oxide growth rate for the 0.01-micron pore radius.
Since the effective diffusion coefficient is improved in the current model, the error in
the existing model is improved, and the current model results show more physically

accurate results.
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5.3 Study on adjustable parameters

Wang [32] produced HfC coatings on C/C composites in various ways according to
the precipitation parameters and then tested the oxidation/abrasive resistance perfor-
mance of each. It was confirmed that a difference of about 2-3 times occurred in the
oxidation resistance performance of the coating material. Therefore, measuring the
porosity and pore radius generated after the experiment is necessary, and adjusting
tortuosity to match the experimental results is essential. Adjustable parameters in the
model are pore radius, porosity, tortuosity, and the restrictive factor. The influence of

these parameters on the calculation results was examined.
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Porosity and pore radius

First, the oxide layer growth rate according to the porosity is analyzed, as shown in
Fig. 5.2. Fig. 5.2 is the result at 1,200K when the pore radius is fixed at 0.01 microns.
The log value shows a difference of approximately two depending on the porosity.
It is particularly affected as the porosity becomes smaller. The diffusion coefficient
is affected by the porosity and the tortuosity, and it is considered that the currently

applied tortuosity function greatly increases in the area of small porosity.
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Figure 5.2: Oxide growth rate according to porosity.
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When the porosity was fixed at 0.02, the effect of the pore radius on the oxida-
tion rate was examined in Fig. 5.3. When the pore radius is larger than 0.02 microns,
it does not have much impact, and within 0.02 microns, the pore radius starts to be
significantly affected. In particular, it decreases rapidly in an area smaller than 0.01
pm. This area is presumed to be where the influence of Knudsen diffusion becomes
extreme. When comparing the experimental results with the model results, the radius
was set to 0.01 microns, close to the radius of pores formed directly on the carbide
surface. A value much smaller than the average value observed in the actual experi-
ment was used. Therefore, it is reasonable to use a larger value for the pore radius.
Since the oxidation rate is almost constant when the radius is 0.02 microns or more,

it will not matter if a larger value is set arbitrarily.
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Figure 5.3: Oxide growth rate according to pore radius.
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The pore radius range where the oxidation rate is constant can vary depending on
the porosity. So The effects of the porosity and the pore radius are plotted together in
Fig.5.4-5.6. The porosity ranged from 0.005 to 0.1, and the pore radius ranged from
0.001 microns to 0.2 microns. Fig. 5.4, 5.5, and 5.6 correspond to the conditions of
0.02 atm, 0.21 atm, and 1.0 atm of oxygen partial pressure, respectively. The porosity
has a much more significant effect on the rate of oxide layer formation than the pore
radius. The smaller the porosity, the smaller the pore radius becomes the starting point
of the porosity-controlled zone in which the pore radius does not affect the oxidation
rate. When the porosity is 0.1, the rapid change in the oxide growth rate stops at a
pore radius of approximately 0.05 microns. Still, the oxidation rate slightly increases
even in a pore radius bigger than that. These trends are all observed regardless of the
oxygen partial pressure conditions. When comparing the model with the experimental

results, the pore radius was set as 0.05, the result not to be affected by the pore radius.
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The model results when the porosity is assumed to be 0.02 and the pore radius is
0.05 micro are compared with the experimental results and the model results when
the pore radius is 0.01, as shown in the Fig. 5.7. As expected, the oxide layer growth
rate was increased when the pore radius was 0.05. Under conditions of 1 atm and
0.21 atm of oxygen partial pressure, the values are similar to the experimental values.

Still, at 0.02 atm, the oxidation rate is much lower than that of the experiment.
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The rate of increase is the same overall. The changing pattern can be more easily
grasped by looking at the oxidation rate again with the horizontal axis as the oxygen
partial pressure. It can be seen that the smaller the oxygen fraction, the smaller the
tendency. For the model to match the experimental results, increasing the oxidation
rate in the section where the oxygen fraction is low is necessary. However, it is diffi-
cult to seek a change in some areas because the change in temperature or pore radius

brings about an overall uniform change.
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Tortuosity

The conditions of 0.21 atm and 1.00 atm of oxygen partial pressure agree with the
experimental value. However, under the condition of 0.02 atm of oxygen partial pres-
sure, it is measured at about 40% of the observed value. The tortuosity function was
changed to solve this problem in this study. According to Holcomb, grains formed
under 0.02 atm were very fine, unlike the cases where the oxygen partial pressure
was 0.21 and 1.00 atm. When grains are finely formed, tortuosity usually decreases.
The parameters of the tortuosity functions are often fitted to match the experiment in
the porosity range of 0.1-0.5. So there is a high possibility of overestimating when
porosity is as small as 0.02. It can be seen that the tortuosity tends to increase rapidly
near the porosity of 0.02 in Fig. 3.2. The current model has a tortuosity value of
about 4.78 at a porosity of 0.02. According to Chantong et al. [58], the tortuosity was
approximately 1.4 when the grains were finely formed under a low oxidation layer
growth rate. Therefore the tortuosity needs to be reduced when the oxidation reac-
tion is low, such as in the oxygen partial pressure of 0.02 atm. There is a need. To
develop the tortuosity function, the effect of tortuosity when the porosity is 0.02 was
examined for each oxygen partial pressure and temperature condition. The range of
tortuosity was set from 1 to 6.

Figs. 5.9 and 5.10 show the oxide growth rate as a function of tortuosity at an
oxygen partial pressure of 0.21 atm. At a temperature of 1200, the model is similar to
the experiment when the tortuosity is from 2 to 5. At a temperature of 1500, the model
result fits the test data when the tortuosity is from 3 to 5. For those two temperatures,
the tortuosity of 4 seems the most appropriate. The oxide growth rate as a function of

tortuosity at an oxygen partial pressure of 0.02 atm is shown in Figs. 5.11 and 5.12.
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At a temperature of 1200, the model is similar to the experiment when the tortuosity
is from 1 to 2. When the temperature is 1500, the model result fits the test data when
the tortuosity is from approximately 1.5 to 2. As mentioned above, these values are
close to 1.4, corresponding to the case where the grains are finely formed. Figs. 5.13
and 5.14 show the oxide growth rate as a function of tortuosity at an oxygen partial
pressure of 1 atm. At a temperature of 1200, the model is similar to the experiment
when the tortuosity is from 4 to 5. When the temperature is 1530, the tortuosity value
4 to 5 fits the experimental data well. For those two temperatures, a tortuosity value
between 4 and 5 seems the most appropriate. In summary, a model that fits the data
well can be obtained if the tortuosity function has a value close to 1.4 when the oxide
growth rate is low and has values between 4 and 5 when the oxide growth rate is

sufficiently large.
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Tortuosity function

A tortuosity function is developed to fit the experimental data for all oxygen pressure
conditions. The tortuosity goes to 1.4 when the oxide growth rate is extremely low,
and the tortuosity goes to 5 when the growth rate is normal. The tortuosity function
with the form of 7 = ¢ 4 y(1 — ¢) is the most adjustable form among the typical
types of tortuosity shown in Eq. (3.14). The adjustable parameter in the tortuosity
function, y, is assumed to be a function of oxide weight growth rate £, in g*/em? —s

as shown in Eq. (5.1) and Fig. 5.15.

T=ec+y(l—e¢ 5

y = 1.3 arctan 2(log (k,) + 6.5) + 3.4

Then the tortuosity value from the developed function is demonstrated in Fig. 5.16.
Finally, the result from the model with modified tortuosity function is compared with
the experimental data as shown in Fig. 5.17. The model predictions agree with the

experimental data for all oxygen partial pressure conditions.
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Figure 5.15: Designed y function for tortuosity model.
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Figure 5.16: Designed tortuosity model.

109



10°

E Porosity 0.02
[~ Pore radius 0.05um
| e
O
10° |
~ O O
(8] B O_—__'— ——————————
Q B
o i O O O
g B
& 107 | o
\?%- ; —_—_v ———————— 'Q——
X r
i O  Exp.(PO,=1.00)
. O  Exp.(PO,=0.21)
107 F 204 Exp.(PO,=0.02)
- — — — - Current model
N ENENENEN ENEN BRI BN SRS SRR SR

54 56 58 6 62 64 66 6.8
10000/Temperature (K)

Figure 5.17: Final validation of the model with measurement.

110



High temperature range over 2,000 °C

A model result assuming the dissociation of an Oxygen molecule is compared with
the experimental data in Fig. 5.18. Right triangle symbols on the left side with a
‘10000 / Temperature (K)* value of 4 to 4.8 are the experimental data in the temper-
ature range of 1,800 °C to 2,200 °C. The blue line shows the results from the model
without oxygen dissociation, and the red line shows the results assuming fully disso-
ciated air. The predicted oxide growth rates from the model with dissociation were
approximately 30 % higher than those without dissociation. The model results show
good agreement with the test data when the temperatures are 1,800 °C and 2,000 °C.
The experimental data of 2,200 °C is much bigger than the model result. The result at
this temperature shows a considerable value that deviates significantly from the oxide
growth rate trend that varied with temperature below 2,000 °C. This phenomenon can
be explained in two ways. First, the reliability of the data is low because errors in the
measurement process are expected. According to Holcomb, the oxide layer forma-
tion rate was estimated from the oxide layer thickness after the experiment without
measuring the weight in real-time in the region of 1,800 degrees or more. Since it
is an oxide growth rate estimated in this process, there may be errors. Also, it was
mentioned that the void size was three times larger, unlike the case of up to 1,800
degrees. Therefore, the porosity may also be larger than in other experiments. The
green line in Fig. 5.18 is a result when porosity is 0.06 at 2,200 K. Suppose a similar
value is measured when repeated measurements are made over 2,000 degrees or more
in the future. In that case, it will be possible to select parameters such as porosity and
tortuosity suitable for this case by referring to the modeling process mentioned ear-

lier.
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Chapter 6

Conclusions, Limitations, and Future Research

Conclusions

Models for predicting high-temperature oxidation through cracks and pores in oxida-
tion protective coating layers were developed. First, an improved diffusion model for
the prediction of the oxidation attack through oxidation-resistant coating cracks or
slots was developed and validated at temperatures ranging from 1000 °C to 1300 °C.
In addition to the assumptions made for previous counter-current gaseous diffusion
models, four new assumptions were made while deriving the current model. The
model was developed based on the original form of the MS equation, so it was im-
proved to satisfy the law of mass conservation inside the path. The multi-component
impact on diffusion has been investigated. The model based on ternary diffusion in-
dicated a 6-7% reduction in the predicted values. Furthermore, the position of the
flame front has been improved to move inward as the cavity grows. The reflection
of the moving flame front exhibited no difference in the results for cases with craze
cracks; however, the consideration increased the calculated rates up to 40% for cases

with wide slots. The location of the flame front was assumed to be inside the crack.
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However, there were cases where it was inside the cavity. Therefore, a model wherein
the flame front was assumed to be inside the cavity was also studied. The results in-
dicate that the oxidation model was not affected by the position of the flame front;
it was only influenced by the diffusion path geometry. Finally, the diffusion through
the intermediate space between z = 0 and » = r1, which was neglected in the past
models, was also considered in this study. The diffusion through the intermediate re-
gion also indicated no difference for the craze crack cases; however, the predicted
rate decreased as the slot width increased.

The current model predicts oxidation rates in agreement with previously pub-
lished experimental results, both for craze crack cases with extremely narrow crack
widths and artificial slot cases with wide slot widths similar to the coating thick-
ness. Therefore, this model adequately describes the kinetics of the oxidation attack
through coating cracks. Finally, the dependence of carbon weight loss on crack ge-
ometry was studied using the model. The weight loss increased as the crack width
increased and crack thickness decreased. In addition, it increased as temperature rose
and the partial pressure of oxygen increased. However, the increment of total pressure
reduced the weight loss rate when the oxygen partial pressure was constant.

Secondly, an improved diffusion model for the prediction of the oxide growth
rate through oxidized oxidation-resistant coating layer was developed and validated
at temperatures ranging from 1200 °C to 2000 °C in air, from 1200 °C to 1600 °C in
oxygen partial pressure of 0.02 atm and 1 atm. The model was developed from the
simplified MS equation as the previous model, but the method to obtain the effective
diffusion coefficient and tortuosity is modified. The model with the modified effective
diffusion coefficient showed an approximately 30-35% reduction in the predicted

value. The previous model agreed with the experimental data when it used a pore
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radius much smaller than the actual radius measured. However, the developed model
can fit the test data with the actual pore radius at air and 1 atm oxygen partial pressure.
The tortuosity function is also developed to fit the test data at 0.02 oxygen partial
pressure because the grain size from the 0.02 condition differed from others. The
tortuosity function was designed to have a value of 1.4 when the oxide growth rate
is extremely low and approximately 5 when the oxide growth rate is high. Then the
model for dealing with the dissociated oxygen is additionally developed. The model
with dissociated oxygen indicated a 30% increment in the oxide growth rate.

The gaseous partial pressure at the surface and the temperatures are input con-
ditions. The pore radius, porosity, and tortuosity are adjustable parameters that can
be defined based on test data. The pore radius significantly affects the model result
when the radius is smaller than approximately 0.02 microns. However, the pore ra-
dius has little impact when larger than 0.05 microns. The influence of porosity and
tortuosity on the result is severe when porosity is smaller than approximately 0.1.
Those modifiable factors can only evenly shift the growth rate for all oxygen partial
pressure and temperature. If some tuning is needed only for some partial pressure or
temperature range, the factor should be designed as a function of the oxide growth
rate or temperature. Models developed in this study can be used to predict the perfor-
mance of oxidation protective layer coatings, particularly SiC, HfC, and ZrC coated
on C/C substrate for the operating temperature range of the coating material and wide

pressure range.

Limitations and future research

Although the model developed in this study shows similar results to the experiment,

there are still limitations due to simplification or assumptions in the modeling pro-
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cess. Thus models can be improved through additional research acquisition in the
future. First, the model was developed by assuming that the thickness of the coating,
the width of cracks, the porosity of the oxide layer, and the pore radius were con-
stant by taking average values. However, in reality, crack width, porosity, and pore
radius exist differently depending on the thickness direction depth of the coating. In
this study, when comparing the experimental results and the model, the width value
of the surface side was used for the crack width, and the average porosity value was
used for the porosity. It is necessary to study which values are similar to those of the
test through further comparison of the experiment and the model. In addition, crack
geometry was measured before heating, and the porous oxide values were measured
from the specimen cooled to room temperature after the test. It is necessary to study
the difference between the values before, after, and during the heating.

Next, in this study, the test for uniform high-temperature flow applied to the sur-
face of an approximately 2-cm-sized specimen was compared with the model. But
the flow applied to the surface of the coating layer of the actual vehicle is not uni-
form. The tendency of the crack formation may vary due to the curvature that varies
depending on the surface position, and the properties of the oxide layer generated
may vary depending on the surface temperature or flow characteristics. The model
must reflect the crack and oxide layer parameters, which are different depending on
the position when applied to 2D or 3D analysis. Meanwhile, when the coating is used
for an aircraft, cracks are more likely to occur than in the case of a small specimen.
Therefore, rather than making the sample smaller, it is thought that cutting a large
specimen like Holcomb’s test to make a small specimen will show a tendency that is
more similar to the real one.

Finally, this model will be adapted into a conjugate analysis of hypersonic flow
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and structure thermal response and applied to predict the damage on the carbon insu-
lator under the oxidation protective coating during operation if the adjustable param-
eters of the model are further tuned for specific material. The modeling procedure
can be applied to other systems such as oxidation attack through pinholes [11], notch
defects [68], and hole defects caused by impact force [24]. Model developing meth-
ods and procedures in this study will be applicable because the kinetics of oxidation

are similar.
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Chapter A

Appendix

Table A.1: Molecular weight and Lennard-Jones parameters of gas molecules [47,

69].
Molecular weight | Lennard-Jones parameters
Gas species

Mg/mol) | e/k (&) (A

Ny 28.02 91.5 3.681

02 32.00 113 3.433

CO, 44.01 190 3.996

coO 28.01 110 3.590

o 16.00 30.19 3.12

NO 30.01 119 3.470

@ L-J parameters from supporting information of Lin. [70]
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Table A.2: Density, molar mass, and molar volume of coating materials.

Density | Molar mass | Molar volume
Material
(g/em3) | (g/mol) (em3 /mol)
SiC 3.16 40.28 12.75
Si103 2.196 60.08 27.36
ZrC 6.73 103.235 15.34
ZrOs 5.68 123.218 21.69
HfC 12.1 190.50 15.34
HfO, 9.68 210.49 21.74
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Table A.3: Mass diffusivity [47, 69].

ET/ei; ;i | kET/ei;  Quy | kT/ei;  Quiy | kT /e Qi

0.3 2.662 1.3 1.273 2.6 0.9878 4.6 0.8568
0.35 2476 1.35 1.253 2.7 0.977 4.7 0.853
0.4 2.318 1.4 1.233 2.8 0.9672 4.8 0.8492
045 2184 1.45 1.215 2.9 0.9576 4.9 0.8456
0.5 2.066 1.5 1.198 3 0.949 5 0.8422
0.55 1.966 1.55 1.182 3.1 0.9406 6 0.8124
0.6 1.877 1.6 1.167 3.2 0.9328 7 0.7896
0.65 1.798 1.65 1.153 33 0.9256 8 0.7712
0.7 1.729 1.7 1.14 34 0.9186 9 0.7556
0.75 1.667 1.75 1.128 3.5 0.912 10 0.7424
0.8 1.612 1.8 1.116 3.6 0.9058 20 0.664
085 1.562| 1.85 1.105 3.7  0.8998 30 0.6232
0.9 1.517 1.9 1.094 3.8 0.8942 40 0.596
095 1476 | 195 1.084 39  0.8888 50 0.5756
1 1.439 2 1.075 4 0.8836 60 0.5596
1.05 1406 | 2.1 1.057 4.1 0.8788 70 0.5464
1.1 1.375 | 22 1.041 4.2 0.874 80 0.5352
1.15 1346 | 23 1.026 43  0.8694 90 0.5256
1.2 1.32 2.4 1.012 4.4 0.8652 100 0.517
1.25 1.296 2.5 0.9996 4.5 0.861 200 0.4644
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Table A.4: Equilibrium constants from NIST-JANAF Thermochemical Tables [51].

log K¢ log K
Temperature (K) Temperature (K)
COy co COy, CO
200 102.924 33.568 2100 9.858 7.322
298.15 69.095  24.03 2200 9.408 7.186
300 68.67 23911 2300 8.998 7.062
400 51.539  19.11 2400 8.622 6.946
500 41.259 16.236 2500 8275 6.84
600 34404 1432 2600 7.955 6.741
700 29.505 12948 2700 7.658 6.648
800 25.829 11916 2800 7.383  6.562
900 22969 11.109 2900 7.126  6.481
1000 20.679 10.461 3000 6.886 6.404
1100 18.805  9.928 3100 6.661 6.333
1200 17.242  9.481 3200 6.45 6.265
1300 15919  9.101 3300 6.251 6.201
1400 14784  8.774 3400 6.064 6.14
1500 13.8 8.488 3500 5.888 6.082
1600 12.939  8.236 3600 5721 6.027
1700 12.178  8.013 3700 5.563 5.974
1800 11.502  7.813 3800 5413 5.924
1900 10.896  7.633 3900 527 5.876
2000 10.351 7.47 4000 5.134  5.83
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